During laser spot welding of many metals and alloys, the peak temperatures on the weld pool surface are very high and often exceed the boiling points of materials. In such situations, the equilibrium pressure on the weld pool surface is higher than the atmospheric pressure and the escaping vapour exerts a large recoil force on the weld pool surface. As a consequence, the molten metal may be expelled from the weld pool surface. The liquid metal expulsion has been examined both experimentally and theoretically for the laser spot welding of 304 stainless steel. The ejected metal droplets were collected on the inner surface of an open ended quartz tube which was mounted perpendicular to the sample surface and co-axial with the laser beam. The size range of the ejected particles was determined by examining the interior surface of the tube after the experiments. The temperature distribution, free surface profile of the weld pool and the initiation time for liquid metal expulsion were computed based on a three-dimensional transient heat transfer and fluid flow model. By comparing the vapour recoil force with the surface tension force at the periphery of the liquid pool, the model predicted whether liquid metal expulsion would take place under different welding conditions. Expulsion of the weld metal was also correlated with the depression of the liquid metal in the middle of the weld pool due to the recoil force of the vapourized material. Higher laser power density and longer pulse duration significantly increased liquid metal expulsion during spot welding.
Introduction
Pronounced vapourization of metal vapours from the weld pool surface occurs when very high power-density energy sources such as laser and electron beams are used for welding [1] [2] [3] [4] [5] [6] [7] [8] .
If the weld pool temperatures are very high, the escaping vapour exerts a large recoil force on the weld pool surface and, as a consequence, liquid metal droplets may be expelled from the weld pool. In some materials processing operations, such as laser drilling or cutting, liquid metal expulsion is desirable. On the other hand, for several important metal processing operations such as welding, surface alloying and cladding, the metal loss can adversely affect the weld geometry and weldment properties, and liquid weld metal expulsion is undesirable. Therefore, it is important to understand various factors that affect liquid metal expulsion during high power laser beam welding.
Most of the previous work on liquid metal expulsion has been focused on laser drilling. Voisey et al [9, 10] found that the extent to which liquid expulsion occurs depends both on material properties and laser parameters. Two complementary methods, high speed photography and a particle stream interruption technique, were used to determine the ejection velocity. It was shown that increasing the power density increased the ejection velocity. The typical particle diameters appeared to be of the order of the molten layer thickness during drilling. Lu et al [11] developed a method to 'capture' the particles ejected from the substrate due to laser irradiation. They found that the particles from a smooth substrate concentrated mostly on the centre of the capturing surface, while those from a rough surface were ejected in more random directions. Yilbas [12] investigated the propagation velocity of the liquid-vapour interface during the laser-metal interaction using a special photographic technique for four metals: titanium, tantalum, nickel and EN58B stainless steel. It was found that the particle velocity at a given laser output energy increased with the decrease in the thermal diffusivity of the material, and particle velocity increased with the increase in laser energy. Rodden et al [13] measured the percentage of mass removed as liquid metal expulsion to be 90% for titanium during single pulse Nd : YAG laser drilling. High-speed photographs indicated that there were two distinct stages of liquid metal expulsion during drilling with pulsed laser. There was an initial expulsion of small liquid particles, followed by the expulsion of larger particles of liquid near the end of the pulse.
Liquid metal expulsion has also been studied theoretically. von Allmen and Blatter [14] suggested that vapour pressure acts like a piston that exerts a pressure onto the melt, squirting it out of the melt pool radially. He also developed a theoretical model to calculate drilling velocity and drilling efficiency as a function of the absorbed intensity [15] . Chan and Mazumder [16] developed a one-dimensional steady state model to describe the laser induced damage caused by materials removal through vapourization and liquid metal expulsion. Results were obtained for three materials: aluminum, superalloy and titanium. For the power levels investigated, the material-removal rates were of the order of 1 m s −1 and increased with heat-flux intensity. Depending on the materials and beam power density, either vapourization or liquid expulsion was thought to be the dominant mechanism of material removal.
For laser welding, liquid metal expulsion is not desirable, especially for microwelding where the operation is often carried out in a clean room environment after the components have undergone significant prior processing. Basu and DebRoy [17] examined the conditions for the initiation of liquid metal expulsion during laser irradiation experimentally and theoretically. They proposed that liquid metal expulsion takes place when the vapour recoil force exceeds the surface tension force of the liquid metal at the periphery of the weld pool. Semak et al [18] assumed that keyhole propagation was dominated by evapouration-recoil-driven melt expulsion from the beam interaction zone. The role of recoil pressure in energy balance during laser material processing was analysed theoretically by Semak and Matsunawa [19] .
The work presented in this article was conducted to understand the liquid metal expulsion experimentally and theoretically. During experiments, an open ended quartz tube was placed co-axial to the laser beam and right above the 304 stainless steel samples to collect vapourized elements and ejected metal droplets on the interior surface of the tube. For theoretical work, the temperature field used to simulate liquid metal expulsion was obtained from a welltested comprehensive three-dimensional transient numerical model. Conditions for the initiation of liquid metal expulsion during laser spot welding of 304 stainless steel were examined by comparing the vapour recoil force with the surface tension force at the periphery of the liquid pool. The free surface profile was simulated at different times by minimizing the total surface energy. The prediction from the model whether liquid metal expulsion takes place was compared with experimental observations under different welding conditions.
Experimental procedure
Several 304 stainless steel welds were fabricated at the Sandia National Laboratories. The steel had the following composition: 1 wt% Mn, 18.1 wt% Cr, 8.6 wt% Ni, 0.69 wt% Si, 0.046 wt% C, 0.012 wt% P, 0.003 wt% S and balance Fe. A Raytheon model SS 525 pulsed Nd : YAG laser with a 100 mm focal length lens was used for laser spot welding with pulse energies in the range of 2.1-5.9 J and pulse durations of 3.0 ms and 4.0 ms, respectively. Individual spot welds from a pulsed laser beam were made on 3 × 10 × 17 mm 3 samples. Up to 15 individual spot welds were made on each of the samples, using a single pulse for each individual spot weld.
A schematic diagram of the experimental set-up is presented in figure 1 . During laser spot welding, an open ended quartz tube, 25 mm in length, having a 6 mm inner diameter and a 1 mm wall thickness, was placed co-axial to the laser beam and right above the 304 stainless steel samples. A portion of the vapourized elements and ejected metal droplets were collected on the interior surface of the tube. The deposit and the particles were examined from each experiment. The SEM micrographs and EDS (energy-dispersive x-ray spectroscopy) analysis were performed on the interior surface of the quartz tube for every experiment.
Mathematical modelling

Transient temperature profiles
The temperature profile was calculated using a well tested three-dimensional comprehensive transient heat transfer and fluid flow model. The weld metal was assumed to be an incompressible, Newtonian fluid. Constant thermophysical properties, such as viscosity, thermal conductivity and specific heat, were used for the calculations. The variation of absorption coefficient of the laser energy by the stainless steel at different temperatures was ignored for simplicity. The liquid flow in the weld pool is driven mainly by the Marangoni force resulting from the spatial gradient of surface tension, and to a much lesser extent, by the buoyancy force resulting from the spatial variation of density. The following equations were solved with the appropriate boundary conditions. Mass conservation:
Momentum conservation:
Energy conservation:
where ρ is the density, t is the time, x i is the distance along the i = 1, 2 and 3 directions, u j is the velocity component along the j direction, µ is the effective viscosity, k is the thermal conductivity, C p is the specific heat, h is the sensible heat, H is the latent heat, and S j is the source term for the j th momentum equation and is given as:
where p is the pressure, f l is the liquid fraction, B is a very small positive constant introduced to avoid division by zero, C is a constant that takes into account mushy zone morphology [20] , β is the coefficient of volume expansion and T ref is a reference temperature. The governing equations were discretized and solved iteratively on a line-by-line basis using a tri-diagonal matrix algorithm. The discretized equations for a variable are formulated by integrating the corresponding governing equations over the control volume in a rectangular computation domain. The detailed procedure to solve the equations is described in the literature [21] . After obtaining the values of the sensible enthalpy, h, on computational domain, temperature can be expressed as
where T solid and T liquid are the solidus and liquidus temperature of the material, respectively. H melt is the total enthalpy at the liquidus temperature, C ps and C pl are the specific heat of solid and liquid, respectively. The specific heat, C pa , in the mushy zone was calculated by
H cal is given as The boundary conditions, grid spacing, time step, convergence criteria and other details have been described in detail in recent papers [22, 23] and are not repeated here. The computed temperature fields were then used to calculate the vapour pressure. The data used for calculations [24] [25] [26] [27] [28] are presented in table 1.
Free surface profile
When the temperature is very high, the liquid pool severely deforms due to the recoil pressure exerted by the escaping vapour. The calculation of the free surface profile of the weld pool involves minimizing the total surface energy. The total energy includes the surface tension energy for the change in the area of pool surface, potential energy in the gravitational field and the work done by the recoil force. The total energy can be expressed as
where s indicates the surface of the weld pool. On the right hand side, the three terms within the parentheses represent surface energy, potential energy and the work by the recoil force, respectively. The symbol φ is defined as the vertical elevation of the top surface with respect to an arbitrarily chosen horizontal plane and depends on x and y. The variables φ x and φ y represent the partial derivatives of φ with respect to x and y, γ is the surface tension, ρ is the density and P is the difference between the local equilibrium vapour pressure and the atmospheric pressure. The equilibrium vapour pressure data used for the calculations are available in [8] . In the calculation, the total volume of the liquid pool prior to the liquid metal expulsion is assumed to be constant, so the constraining equation is Figure 2 shows the presence of condensed metal vapour and ejected tiny droplets on the interior wall of the quartz placed co-axial to the laser beam and right above the 304 stainless steel sample tube for several cases. The EDS profile for the ejected metal droplets in figure 3 indicates the presence of Fe, Mn, Cr, Ni, Si and O elements. Of these, elements Si and O detected by the EDS originated from the quartz tube. The remaining elements detected are the main elements in stainless steel. Therefore, the droplets shown in figure 2 originated from the molten 304 stainless steel weld pool and were then deposited on the interior wall of the quartz tube during laser spot welding. Figure 2 shows that under some welding conditions, only deposition of metal vapour was observed on the interior wall of the quartz tube, whereas both vapour condensate and ejected metal droplets were observed under other conditions. The size range of the ejected droplets was determined by optical microscopy for different welding conditions. Figure 4 shows the ejected droplet size as a function of the power density. It can be seen that the size of ejected droplets ranged from tens of micrometres to several hundred micrometres. The increase in the power density resulted in larger particle size and particle size range. With the increase in power density, both the weld pool temperature as well as the weld pool size increase. The higher recoil pressures as well as the availability of more liquid metal are consistent with more liquid metal expulsion and larger droplets. The calculations to be presented subsequently in this paper will show that after the initiation of the pulse, the weld pool is heated for a certain duration before the liquid metal expulsion starts. Subsequently the metal expulsion takes place over a span of time until the end of the pulse. The system does not reach steady state during the metal expulsion. As a result, the ejected particles show a range of droplet sizes as observed in figure 4 .
Results and discussion
The experimental results indicated that liquid metal expulsion took place at higher laser power densities when the weld metal was heated to higher temperatures. Calculated temperature distributions along the x direction on the weld pool surface at different times for the samples A, B, C and D are shown in figure 5 . The model has been previously used to calculate weld pool geometry, temperature and velocity fields during the welding of pure iron [29, 30] , steel [3, 6, [31] [32] [33] [34] [35] , aluminium alloy [5] and titanium alloy [35] under different welding conditions. The origin in figure 5 represents the location of the laser beam. The two lines in the figure indicate solidus (1697 K) and liquidus temperatures (1727 K). The thin region between these two lines is the two-phase solid-liquid mushy zone. It can be seen that the temperatures reach very high values near the laser beam axis and decrease with distance. It can also be observed that there are inflexion points close to the mushy zone, which results from the differences in the enthalpies of the solid and liquid metals. Also, with the decrease in beam radius, the temperatures increase due to higher laser power density. The calculation of temperature at different locations on the weld pool surface and at different times provides a theoretical basis in determining whether liquid metal expulsion can take place.
High temperatures result in high equilibrium vapour pressures, which tend to push the liquid metal out of the weld pool. On the other hand, the surface tension force of the liquid metal holds the liquid metal in place, which tends to prevent liquid metal expulsion. When the temperature on the surface of the weld pool exceeds a critical value, the recoil force overcomes the surface tension force and liquid metal is expelled from the liquid pool. The vapour recoil force F r and the surface tension force at the periphery F s can be expressed by
where r B is the radial distance at which the surface temperature reaches the boiling point, P is the difference between the local equilibrium vapour pressure and the atmospheric pressure and is the function of the radial distance from the beam axis, r 0 is the radial distance at which the temperature is equal to the melting point and σ is the surface tension coefficient at the melting point. Figure 6 shows the computed values of the surface tension force and vapour recoil force as a function of time during laser spot welding of 304 stainless steel. For example, in figure 6(c), it is observed that the surface tension force is higher than the recoil force at the start of the pulse. As the temperature increases with time, both the surface tension force and the recoil force increase. However, the recoil force increases faster than the surface tension force. At about 2.6 ms after the start of the pulse, the two forces are roughly equal.
Further heating results in a higher recoil force than the surface tension force. When the recoil force exceeds the surface tension force, expulsion of liquid metal is anticipated. For sample A in figure 6(a) , the peak temperature on the weld pool surface is 2814 K, which is lower than the boiling point of 304 stainless steel, about 2980 K, which means that the vapour pressure is lower than one atmosphere and no expulsion of liqud metal occurs. For sample B in figure 6 (b), although the peak temperature, 3052 K, exceeds the boiling point of 304 stainless steel, the recoil force is weaker than the surface tension force of the liquid metal at the periphery of the weld pool for the whole pulse duration. As a result, no liquid metal expulsion takes place. From figure 6 , for samples C, D, F, G, H, the recoil force begins to exceed the surface tension force at some time during the welding process, which means that it is possible for liquid metal droplets to be ejected from the weld pool. This conclusion agrees well with experimental observations indicated in table 2, which illustrates whether the liquid metal expulsion takes place. The experimental combinations of laser power and spot diameter that lead to liquid metal expulsion for pulse durations of 3.0 ms and 4.0 ms, respectively, are shown by a dotted line in figure 7 . The points on the same dotted curve have the same laser power density, defined by laser power per unit area. It is observed that the liquid expulsion occurs above a critical laser power. For the same laser power, when the spot diameter is large, liquid metal expulsion is not observed. With the decrease in spot diameter, the intermittent expulsion occurs due to the increase in the laser power density. When the spot diameter continues to decrease, the laser power density increases and eventually significant expulsion takes place at a high laser power density. Figure 7 shows that pulse duration also has effects on liquid metal expulsion. For a 3.0 ms pulse duration, the critical laser power density for liquid metal expulsion is about 8.0 kW mm −2 . However, when the pulse duration is The computed spot diameter and the laser power combination necessary to initiate liquid metal expulsion agreed well with experiments, indicating the accuracy of the mechanism of the liquid metal expulsion. Figure 8 shows the extent of the liquid metal expulsion under different laser power densities and pulse durations. At a given pulse duration, higher laser power density increases the tendency of intermittent or heavy liquid metal expulsion. At 7 kW mm −2 , no vapour deposit was noticeable on the inner surface of the quartz tube for a pulse duration of 2 ms. When the pulse duration was increased to 3 ms, a coating of metal vapour condensate was found on the inner wall of the quartz tube. When the pulse duration was further increased to higher than 4 ms, intermittent or heavy expulsion of metal drops was observed. Liquid metal expulsion can take place at a lower critical power density when longer duration pulses are used, which is also predicted from the calculated results, as shown by the solid line in figure 8 . The longer pulse duration allows more interaction time between the laser beam and the materials and leads to high weld pool temperatures and high recoil pressures. Therefore, liquid metal expulsion can take place at a lower laser power density when a longer pulse duration is used. Laser power density and pulse duration are the two most important parameters for the liquid metal expulsion. The results shown in figures 7 and 8 provide guidance in controlling the occurrence of liquid metal ejection in laser spot welding by adjusting these two parameters. Figure 9 shows the computed free surface profiles at different times. The sample surface is taken as the reference surface. Near the middle of the weld pool, the liquid metal is depressed due to high recoil pressure. The liquid metal displaced from the middle is transported near the boundary of the weld pool, where a hump is formed to satisfy the conservation of the total volume. With time, the recoil pressure on the weld pool increases due to higher surface temperatures. As a result, the extent of surface deformation increases with time. The dimensionless number, ratio of maximum depression, l, to the weld pool depth, d, is used to indicate the extent of surface deformation. Figure 10 shows that the ratio increases with time. The variation of l/d with the laser power density is shown in figure 11 . It can be seen that the ratio increases as the laser power density increases. When the laser power density is low, the temperature is lower than the boiling point, the vapour pressure is lower than atmospheric pressure and the weld pool surface is flat. As the laser power density increases, the temperature on the weld pool surface can become higher than the boiling point, and significant deformation of the free surface occurs. Figure 7 (b) shows that the critical laser power density is 7 kW mm −2 for a pulse duration of 4 ms. This experimental result is in agreement with the calculations of the vapour recoil pressure and the surface tension force. The corresponding value of maximum depression of the liquid metal is about 14% of the weld pool depth from figure 11 . The results in figure 11 indicate that apart from the calculations of the recoil and the surface tension force, the depression of the free surface may also serve as an indicator of liquid metal expulsion.
Summary and conclusions
During the laser spot welding of 304 stainless steel, liquid metal droplets are expelled from the weld pool when the peak temperature in the weld pool is very high. The liquid metal expulsion can be predicted by balancing the vapour recoil force with the surface tension force at the periphery of the liquid pool under various welding conditions. The laser power density and pulse duration are the two most important parameters for liquid metal expulsion during laser spot welding. The higher laser power density and longer pulse duration increase the tendency of the occurrence of liquid metal expulsion. The size of the ejected droplets ranged from tens of micrometres to several hundred micrometres. The increase in the power density resulted in larger droplets and greater size range of particles. The depression of the weld centre under the recoil pressure could be used as an indicator of liquid metal expulsion during welding.
